Streptomyces spp. are a highly diverse group of bacteria most of which are soil-inhabiting saprophytes. A few are plant pathogens that produce a family of phytotoxins called thaxtomins and cause significant economic losses, e.g., by reducing the marketability of potato tubers (Solanum tuberosum). In northern Europe, S. scabies, S. turgidiscabies and S. europaeiscabiei are the most common plant pathogenic species. In this study, a Streptomyces strain isolated from a netted scab lesion on a tuber of potato cv. Bintje in northern Sweden was identified as S. turgidiscabies but was found to differ in the genomic region carrying genes required for thaxtomin biosynthesis. Our results showed that the strain did not produce thaxtomin but rather phytotoxin fridamycin E, which is an anthraquinone novel to plant pathogenic Streptomyces spp. Fridamycin E was shown to reduce or inhibit sprouting of potato microtubers in vitro. While fridamycin E is known to have antibiotic activity against Gram-positive bacteria, the inhibitory activity of fridamycin E on plant growth is a novel finding.
Introduction
Bacteria in the genus Streptomyces are Gram-positive and have been classified into 767 species and subspecies (DSMZ 2017) . Most species are soil-inhabiting saprophytes, and only a few are plant pathogenic. The streptomycetes that infect potato (Solanum tubersum L.) cause economic losses through reduction of the marketable yield. Diseased potato tubers are characterized by diverse lesions with superficial, raised, erumpent or pitted shapes, that are collectively called common scab to distinguish them from powdery scab, which is caused by the protist Spongospora subterranea (Loria et al. 1997; Loria 2001; Wanner and Kirk 2015) . Loria et al. (1997) proposed classifying the lesions into two types: one typified by raised or pitted lesions (so-called "common scab") and the other characterized by superficial lesions.
The first Streptomyces species described as the causal agent of common scab was S. scabies (syn. scabiei), which has a worldwide distribution in potato production areas (Lambert and Loria 1989) . Another, more recently described and widely distributed species, S. turgidiscabies, causes all the aforementioned symptoms on potato tubers (Aittamaa et al. 2010; Hiltunen et al. 2005; Kreuze et al. 1999; Miyajima et al. 1998; Takeuchi et al. 1996) . The types of lesions 1 3 induced by these species depend on the phytotoxins and virulence factors carried by the species and, also, on the timing of infection, potato cultivar and environmental conditions (Bignell et al. 2014; Loria et al. 1997; Natsume et al. 2017) . Therefore, it is difficult to distinguish scab pathogens based on disease symptoms.
The common scab symptoms caused by S. scabies and S. turgidiscabies are attributable to thaxtomin A ( Fig. 1 ) (Goyer et al. 1998; Lawrence et al. 1990; Toth et al. 1998 ), a cyclic dipeptidic phytotoxin produced by these bacteria (King et al. 1989; King and Calhoun 2009) . The genes required for thaxtomin synthesis, virulence and colonization of tubers are located in two or three genomic regions in S. scabies and S. turgidiscabies and are collectively referred to as a pathogenicity island (PAI) (Aittamaa et al. 2010; Kers et al. 2005) . One region of the PAI contains genes for thaxtomin synthesis and is called the toxicogenic region (Lerat et al. 2009 ). The txtD gene in the region encodes a nitric oxide (NO) synthase that generates NO from l-arginine (Kers et al. 2004) , while the txtE gene product catalyzes nitration of l-tryptophan by NO and O 2 to produce 4-nitrol-tryptophan (Barry et al. 2012 ). The txtA and txtB genes encode non-ribosomal peptide synthetases that combine 4-nitro-l-tryptophan and phenylalanine to form the cyclic dipeptide skeleton of thaxtomin (Healy et al. 2000) . The txtC gene encodes a cytochrome P450-type monooxygenase that is required for postcyclization hydroxylation of cyclic dipeptide (Healy et al. 2002) . Expression of these genes is regulated by an AraC/XylS-type regulator, txtR, which is also located in the PAI region (Joshi et al. 2007a ). The toxicogenic region of PAI shows wide genetic variability among the strains of S. turgidiscabies (Aittamaa et al. 2010) , possibly because the PAI or parts of it may be exchanged among Streptomyces strains and species (Kers et al. 2005) .
A variety of superficial deformations are observed in potatoes in various areas of the world. Superficial scab symptoms called netted scab occur in Europe and russet scab occurs in Japan and North America (Loria et al. 1997) . Classification and identification of the causal agents of netted and russet scab have gained less attention, probably because these symptoms are less severe than common scab. In Japan, a Streptomyces species that induces tortoiseshell-like cracks in the periderm of the potato was isolated and named "S. cheloniumii" (Oniki et al. 1986; Suzui et al. 1988) . "S. cheloniumii" was found to be closely related to S. diastatochromogenes by a homology search of 16S rDNA sequences (Suzui et al. 2004 ). This species is distinguished from other phytopathogenic Streptomyces spp. by its reddish aerial mycelia, spiny spores forming a spiral spore chain, and no production of melanin or other diffusible pigments (Oniki et al. 1986; Suzui et al. 2004) , but an authoritative description of the species has not been published. The Canadian russet scab agent is discerned from the Japanese strain by gray aerial mycelia and smooth surface-spores forming flexuous spore chains (Faucher et al. 1993) . The bacterium shows highest similarity to cluster group 14 of Williams et al. (1983) , S. aureofaciens, by numerical classification. Phenotypic studies on Streptomyces sp. isolated in France showed that strains isolated from netted scab tissue were different from the pathogens of common scab or agents isolated from russet scab in Canada (Bouchek-Mechiche et al. 1998 ). The Streptomyces strains causing netted scab in France were described as a new species, S. reticuliscabiei (type strain DSM41804; CFBP 4531) (Bouchek-Mechiche et al. 2000a, b) , but were later found to belong to S. turgidiscabies (Bouchek-Mechiche et al. 2006 ). This strain is characterized by the production of light grey spores that make flexuous chains, and the lack of melanin production (BouchekMechiche et al. 2000a ). The strain is pathogenic to only few potato cultivars such as Bintje, Desirée and Carmine and does not infect carrot or radish (Bouchek-Mechiche et al. 2000b ). Other Streptomyces spp. causing common scab have a wide host range among root crops, including carrot and radish (Wanner and Kirk 2015) .
Among the Streptomyces spp. that produce superficial symptoms, "S. cheloniumii" was found to produce phytotoxin FD-891 (Fig. 1) , which induces necrosis in potato tuber slices (Natsume et al. 2005) . The phytotoxin FD-891 was detected in potatoes infected by the pathogen and was also produced by other pathogenic strains of "S. cheloniumii" collected from different geographical areas in Japan.
In northern Sweden and Finland, S. turgidiscabies is a typical causal agent of common scab (Aittamaa et al. 2010; Kreuze et al. 1999; Lehtonen et al. 2004 ). Surveys of potato scab pathogens in these regions revealed a few tubers with netted scab symptoms (Bång 1979; Lindholm et al. 1997) . Streptomyces sp. strain 65 isolated from a netted scabaffected tuber of potato cv. Bintje in northern Sweden caused netted scab following inoculation of healthy Bintje plants under controlled conditions (Fig. 2) . We hypothesized that the different types of scab lesions on potato are caused by different phytotoxins and have been searching for them in Streptomyces strains (Natsume et al. 1998 (Natsume et al. , 2005 (Natsume et al. , 2017 . The aim of this study was to make a molecular level comparison of Streptomyces sp. strain 65 with common scab pathogens previously detected in northern Sweden and Finland and to analyze the phytotoxins produced by strain 65.
Materials and methods

Taxonomical identification of streptomyces sp. Strain 65
Phytopathogenic Streptomyces sp. strain 65 was isolated from a netted scab-affected tuber of potato cv. Bintje in northern Sweden (Lehtonen et al. 2004 ). Isolation of DNA and amplification by polymerase chain reaction (PCR) with species-specific primers for S. turgiciscabies and S. scabies were carried out as described previously (Kreuze et al. 1999; Lehtonen et al. 2004 ).
Microarray analysis
Microarray analysis of Streptomyces sp. strain 65 was carried out with 131 probes designated for the predicted genes of S. scabies to target the genes involved in the thaxtomin biosynthesis and genes previously shown to be related to pathogenicity, including nec1, tomA and fas (Aittamaa et al. 2010) . We used genomic DNA for the analysis because the aim was to analyze genomic differences rather than differences in gene expression.
Phytotoxicity tests and HPLC analysis of phytotoxins
Phytotoxicity of microbial extracts and fractions during purification was examined by application to rape (Brassica rapa L.) seedlings and monitoring their growth, as reported previously (Natsume et al. 2005) . Possible effects of isolated phytotoxin on potato were studied by applying phytotoxin in methanol at different concentrations (3.6 or 1.2 µg/µL) on microtubers of potato cv. Bintje grown in vitro. The microtubers (10-15 mm in diameter) were placed on water agar in Petri dishes, and 50 µL of phytotoxin solution was applied to each microtuber. The lids of Petri dishes were closed and tubers were grown in a growth chamber at 22 °C for 3 weeks.
Thaxtomin A production by Streptomyces sp. strain 65 and S. turgidiscabies NBRC 16080
T was analyzed using HPLC system LC-10 (Shimadzu, Kyoto, Japan) as described previously (Natsume et al. 1998 (Natsume et al. , 2005 .
Isolation and identification of the phytotoxin produced by streptomyces sp. Strain 65
Streptomyces sp. strain 65 was cultured with shaking in potato peel broth (Beauséjour et al. 1999 ) at 28 °C for 14 days. The cultured material was filtered to separate the mycelial mass and filtrate. Mycelia were soaked in acetone for 2 days, the residue was filtered out, and the acetone extract was evaporated. The residual aqueous mycelial extract and culture filtrate were treated with chloroform at pH 3 to yield a chloroform-soluble crude extract. Phytotoxin was purified from the extract by column chromatography and preparative TLC as shown in Fig. 3 . 
Results
Identification of strain 65 as S. turgidiscabies
The 16S rRNA gene from strain 65 was amplified by PCR with specific primers for S. turgidiscabies but not with the primers specific to S. scabies (Fig. 4) . On the other hand, genes nec1 and tnp located in the "colonization region" of the PAI were not amplified from strain 65 with the primers designed for S. turgidiscabies. The 16S rRNA gene sequence of strain 65 was determined (NCBI accession no. AJ278759) and found to be identical or nearly identical to many strains of S. turgidiscabies that cause common scab on potato (Aittamaa et al. 2010) . Furthermore, the 16S RNA gene sequence of strain 65 was 98-99% identical to that of S. reticuliscabiei strain CFBP4531 and DSM41804 that cause netted scab on potatoes in France. Phylogenetic comparison indicated that strain 65 and S. reticuliscabiei are closely related and belong to S. turgidiscabies (Fig. 5 ).
Microarray analysis of thaxtomin biosynthetic genes of S. turgidiscabies strain 65
Genes involved in thaxtomin biosynthesis and pathogenicity of S. turgidiscabies strain 65 were studied using microarray analysis and compared with (1) S. turgidiscabies strains 32 and 300 which produce thaxtomin A but differ in having high and low virulence on potato tubers, respectively (Hiltunen et al. 2005) ; (2) S. reticuliscabiei DSM 41,804 isolated from a netted scab lesion on potato cv. Bintje in France (Bouchek-Mechiche et al. 2000a) , and (3) the type strain of S. scabies (ATCC49173). In S. turgidiscabies strain 32, all probes generated strong signals, e.g., for the genes txtA, txtB, txtC, txtD and txtR involved in thaxtomin biosynthesis and gene nec1 involved in virulence (Fig. 6) (Bukhalid et al. 1998; Joshi et al. 2007b) . Presence of the aforementioned genes was detected also in S. scabies ATCC49173. In contrast, S. turgidiscabies strain 65 and S. reticuliscabiei DSM41804 showed no signal for these genes.
Phytotoxin production of S. turgidiscabies strains 65 and NBRC 16080 T The phytotoxicity of crude chloroform extracts of strain 65 and the type strain of S. turgidiscabies, NBRC 16080, cultured on oatmeal agar (Babcock et al. 1993 ) was examined on rape seedlings. Extracts of both strains showed strong growth inhibitory activity at the dose corresponding to the amount of extract obtained from 10 mL of bacterial culture (Fig. S1 ). Clustering of Streptomyces strains by neighbor-joining analysis based on sequences of the 16S RNA cistrons. The tree was constructed using the Kimura two-parameter model (Kimura 1980) . Bootstrap values were determined by 1000 replicates; values greater than 70% are shown. Bar indicates the Kimura nucleotide differences (Knuc). All strains isolated from scabby potato tubers, except strain 65, have been described previously (Aittamaa et al. 2010 The chloroform extract was purified by silica-gel column chromatography and analyzed by HPLC. Thaxtomin A was detected in the extract of strain NBRC 16080 T but not in that of strain 65 (Fig. S2) . The result is consistent with previous results in microarray analysis showing that the toxicogenic region genes for thaxtomin production differ between strain 65 with thaxtomin-producing Streptomyces strains.
Isolation of phytotoxin produced by S. turgidiscabies strain 65
Comparison of phytotoxin production in agar and liquid cultures with oatmeal, oat bran and potato peel media (Babcock et al. 1993; Beauséjour et al. 1999; Goyer et al. 1998) showed that shake culture in potato peel broth provided high phytotoxin productivity and facilitated mass culture (Fig. S3) , and this culture method was selected for further experiments.
Phytotoxin was purified as outlined in Fig. 3a , b according to the bioassay. In the first column chromatography on silica gel, 10% MeOH in CHCl 3 fraction showed phytotoxic activity. Under these conditions, thaxtomin A was recovered in 20% MeOH in CHCl 3 fraction and, thus, the presence of new phytotoxin was determined. In this purification, 37.1 mg of orange-yellow compound was isolated from 8 L of culture. Only one fraction showed phytotoxicity at each chromatographic step. This newly isolated phytotoxin had an R f value of 0.30 that was indistinguishable from thaxtomin A on silica gel TLC (solvent: 10% MeOH in CHCl 3 ). Both phytotoxins had a very similar yellow color.
Structural determination of the phytotoxin
HPLC-PDA analysis of the isolated phytotoxin showed a single peak (Fig. S4) , and the UV spectrum of the peak showed λ max at 433, 289, 254 and 215 nm (Fig. S5) . This UV spectrum is characteristic of the presence of a 1,5-dihydroxyanthraquinone chromophore such as α-citromycinone (Johdo et al. 1991 (Kers et al. 2005; Aittamaa et al. 2010) . PAI regions I and II contain nine genes typical to the "colonization region" (CR), such as nec1 contributing to virulence, whereas PAI III includes the genes needed for thaxtomin synthesis and is called a "toxicogenic region" (TR) (Lerat et al. 2009 The presence of one carboxyl group was demonstrated by disappearance of the peak in the mass chromatogram at m/z 357 and appearance of a peak at m/z 371 by LC-ESI-MS analysis of phytotoxin treated with trimethylsilyldiazomethane in methanol-benzene (Hashimoto et al. 1981) .
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Searches in the SciFinder database based on the aforementioned structural characteristics identified fridamycin E as the structural candidate. Comparison of isolated phytotoxin with the authentic fridamycin E in the HPLC-UV-Vis database system (Fiedler 1993) showed an identical HPLC chromatogram, UV spectrum and ESI-MS spectra (positive and negative ion modes) (Fig. S7) . We thus identified the phytotoxin produced by S. turgidiscabies strain 65 as fridamycin E (Fig. 1) . The absolute stereochemistry of isolated fridamycin E was the same as previously reported (Matsumoto et al. 1991) 
Phytotoxicity of fridamycin E
The purified phytotoxin caused a 17% reduction in root growth and a 14% reduction in shoot growth at 14 µg/mL in rape seedlings and a 96% reduction in root growth and a 75% reduction in shoot growth at 100 µg/mL (Fig. 3c) . Thaxtomin A caused a 24% reduction in root growth and a 25% reduction in shoot growth in rape seedlings at 0.16 µg/ mL, which indicates that the phytotoxicity of fridamycin E is approximately 1% of that of thaxtomin A. Application of fridamycin E to potato microtubers at a concentration of 3.6 µg/µL reduced the growth of sprouts or inhibited sprouting of potato microtubers grown in vitro. Typical netted scab symptoms were not observed on the microtubers, but a few small scab-like lesions were observed under the present experimental conditions (Fig. 7) . Application of fridamycin E at a lower concentration (1.2 µg/µL) caused only minor or no reduction in growth of sprouts and no symptoms on the microtubers (data not shown).
Effect of plant extracts on phytotoxin production
Requirements of plant extracts such as oatmeal for thaxtomin production by S. scabies have been reported (Beauséjour et al. 1999) , and effective ingredients were shown to be suberin and cellobiose (Beauséjour et al. 1999; Johnson et al. 2007; Lerat et al. 2010) . We examined the requirements for phytotoxin production in S. turgidiscabies strain 65 and NBRC16080
T by culturing on oatmeal agar and starch-polypeptone agar (Sakai et al. 1984) . Crude chloroform extracts of strain NBRC16080 prepared from oatmeal agar strongly inhibited growth of rape seedlings but those from starch-polypeptone medium did not (Fig. 8) . Thaxtomin A content in oatmeal agar culture was determined to be 0.39 µg/mL of cultured material by HPLC analysis of the partially purified extracts. Both extracts of strain 65 showed comparable growth inhibitory activity (Fig. 8) , and fridamycin E production was determined to be 0.83 µg/mL in both media. Thus, fridamycin E production by strain 65 does not require any plant extract. 
Discussion
Streptomyces on potato tubers cause a severe symptom with raised, erumpent, or pitted lesions and milder symptoms characterized by superficial lesions (Loria et al. 1997) . Various symptoms caused by Streptomyces spp. are considered to be related to the level of virulence of the pathogen, the amount of phytotoxin (thaxtomin) produced, infection timing in relation to developmental stage of tubers, genetic differences among potato varieties and environmental conditions. The finding that potato cv. Green Mountain is very susceptible to common scab but highly resistant to netted scab (Loria et al. 1997) suggests that the pathogenicity determinants of Streptomyces strains causing netted scab differ from those causing common scab.
Extensive investigations of potato diseases caused by Streptomyces in northern Sweden revealed a strain causing only superficial lesions on tubers of potato cv. Bintje (Lehtonen et al. 2004) . Genetic analysis of the bacterium in this study showed that the strain belongs to species S. turgidiscabies but that its toxicogenic region in PAI, including the thaxtomin biosynthetis gene cluster, differs from that of S. turgidiscabies which causes deep pitting and other severe scab symptoms. Consistent with these findings, S. turgidiscabies strain 65 did not produce thaxtomin but did produce a newly identified phytotoxin called fridamycin E. Fridamycin E is the aglycone of fridamycin A (= vineomycinone B 2 ) (Matsumoto et al. 1991 ), but there is no report on its biosynthetic pathway or biosynthetic genes.
Application of fridamycin E to potato microtubers inhibited sprouting or reduced the growth of sprouts in a concentration-dependent manner. Antibiotic activity of fridamycin E against Gram-positive bacteria has been reported (Matsumoto et al. 1991) , but this is the first report of phytotoxicity associated with fridamycin E.
Application of fridamycin E to potato microtubers did not cause any obvious netted scab symptom. One reason may be that we applied the phytotoxin once rather than repeatedly over time. For the formation of netted scab symptoms, continuous production of phytotoxin on the epidermis by the pathogen may be required. Further experimentation will be needed to confirm whether fridamycin E is essential for development of netted scab and whether repeated applications of fridamycin E are required.
We previously found that bacteria isolated from russet scab lesions in Japan produces another phytotoxin FD-891 (Natsume et al. 2005) . It has been suggested that the pathogenicity determinants of netted scab differ from those of common scab because resistance of potato cultivars to the netted scab pathogens is not correlated with resistance to the common scab pathogen, S. scabies (Loria et al. 1997 ). Identification of a novel phytotoxic macrolide, FD-891, in "S. cheloniumii" (Natsume et al. 2005 ) and an anthraquinone phytotoxin, fridamycin E, in S. turgidiscabies strain 65 supports the hypothesis. The results of the present study, along with our previous findings on FD-891, are important for demonstrating that the toxins produced by the pathogen determine the lesion type. Recently, we have shown that phytotoxin concanamycin is involved in determination of lesion type of common scab along with thaxtomin (Natsume et al. 2017) .
S. reticuliscabiei was, at first, reported as the agent of netted scab in France (Bouchek-Mechiche et al. 2000a, b) but was later identified as strain S. turgidiscabies by DNA-DNA hybridization and phylogenetic comparisons of 16S rRNA gene sequences (Bouchek-Mechiche et al. 2006) . However, because the symptoms caused by S. reticuliscabiei are distinct from the symptoms typically caused by S. turgidiscabies, Bouchek-Mechiche et al. (2006) proposed maintaining the species name. Strain 65 of S. turgidiscabies causes symptoms similar to S. reticuliscabiei in potato cv. Bintje, but both S. reticuliscabiei and strain 65 are also pathogenic on other potato varieties (Kreuze et al. 1999; BouchekMechiche et al. 2000b; Lehtonen et al. 2004) . Hence, it is worthwhile to consider whether both S. reticuliscabiei and strain 65 could be considered as strains of S. turgidiscabies. Whether S. reticuliscabiei produces fridamycin E is an interesting topic for further study. To prove that fridamycin E is the causal agent of netted scab in northern Europe, we are now studying (1) pathogenicity of the fridamycin E-nonproducing mutants and (2) detection of fridamycin E in the lesions of netted scab caused by S. turgidiscabies strain 65.
